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ABSTRACT 
START-UP POWER REQUIREMENTS 
OF AMMONIA FILLED AEROSPACE  
THERMOSYPHON HEAT PIPES 
 
by Eric Chu 
 
Boiling and condensing of internal working fluids are essential heat transfer concepts 
which heat pipe technology relies on for transporting a large amount of heat between two 
distanced points effectively.  Tilt angle and working fluid saturation temperature have a 
direct impact on how well the evaporator is flooded.  This paper focuses on how the tilt 
angle and the working fluid saturation temperature affect the start-up heat input 
requirements for an S shaped axial grooved ammonia thermosyphon heat pipe.  A series 
of experiments was performed by supplying and extracting heat to the evaporator and 
condenser of the thermosyphon heat pipe.  Temperature of the evaporator and condenser 
was monitored to capture start-up behavior upon heat input.  The evaporator temperature 
was found to be slightly elevated before the internal working fluid begins to boil.  It 
decreased once boiling starts and initiates the thermosyphon process.  The test results 
showed that the evaporator start-up temperature difference was found to be higher as 
fluid saturation temperature increases, and becomes lower as the fluid saturation 
temperature decreases.  The start-up heat input requirement to initiate start-up in the 
evaporator was determined to be constant throughout the range of tilt angles and 
saturation temperatures.   
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1.0 Introduction 
Boiling and condensing of working fluids are essential heat transfer concepts which 
heat pipe technology relies on for transporting a large amount of heat between two 
distanced points effectively.  Gravitational force plays a major role in the heat transfer 
limitation and characteristics of heat pipes that are designed differently.  This paper will 
focus on how the tilt angle and initial temperature affect the start-up heat input 
requirements for an “S shaped” axial grooved thermosyphon heat pipe.  The start-up heat 
input requirements have been analyzed at tilt angles of 90⁰ to 0⁰, from vertical to 
horizontal operation in increments of 10° at a range of initial saturation temperature from 
20°C to 60°C in increments of 10°C. 
Heat pipes are widely used in various applications including electronic cooling, 
aerospace, power generation cycles, heat recovery in HVAC systems, and in many other 
fields.  They are designed differently for specific applications.  Heat pipes are fixed 
volume, two-phase heat transfer devices that are able to transport heat over a distance 
effectively with a small temperature gradient.  A heat pipe has a few different major 
parts, the evaporator, the condenser, and the adiabatic section.  The internal working fluid 
absorbs heat and transforms into a vapor state internally at the evaporator section of a 
heat pipe.  Then the vapor travels through the adiabatic section to the condenser section 
of the heat pipe due to the vapor pressure.  The adiabatic section connects the evaporator 
and the condenser section of the heat pipe with no significant amount of heat transfer 
added to the overall system.  The condenser section removes heat, which condenses the 
vapor that traveled from the evaporator section and sends the saturated liquid back to the 
2  
 
evaporator through the adiabatic section.  Figure 1 shows a typical heat pipe’s 
construction and operation. 
 
Figure 1. Schematic and operation of a heat pipe [1]. 
An S shaped axial grooved thermosyphon heat pipe is analyzed in this paper.  This 
specific heat pipe belongs to a network of heat pipes used on a telecommunication 
satellite to help reject heat and maintain operational temperature for the electronics of the 
satellite’s payload.  Figure 2 and Figure 3 show the picture and the approximate location 
of the S shaped heat pipe on a satellite. 
 
Figure 2. S shaped thermosyphon heat pipes. 
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Figure 3. Satellite heat pipe network [4]. 
This S shaped thermosyphon heat pipe doesn’t have an internal wick structure to 
assist the condensed fluid to return from the condenser to the evaporator.  It is designed 
to operate in outer space in microgravity.  Instead of having an internal wick structure, it 
has internal axial grooves as pictured in a cutaway section of the evaporator in Figure 4.  
This S shaped heat pipe is filled with 39.4 grams of ammonia in a fixed internal volume 
of 0.000192 m³ with 25 evenly spaced internal axial grooves, which formed a 0.398 inch 
vapor core diameter and a 0.524 inch inner tube diameter.  This heat pipe utilizes 
ammonia as its internal working fluid.  The saturated liquid occupies and travels in 
between the grooves throughout the heat pipe while the saturated vapor travels in the 
center vapor core between the evaporator and condenser.  Capillary action helps the 
saturated liquid to evenly distribute in between the axial grooves. 
4  
 
 
Figure 4. Evaporator cross-sectional view. 
1.1 Literature Review 
Previous studies analyzed the start-up characteristics of heat pipes.  In a study 
conducted out by Qu, Wu, and Cheng [2], the start-up characteristics of three horizontal 
micro pulsating looped heat pipes were analyzed in 2012.  The heat pipes were charged 
with several different types of working fluids for comparison.  Heat was supplied at the 
evaporator and retrieved at the condenser of the micro pulsating heat pipe.  The focus of 
this study was to analyze and determine the compatibility and start-up behavior of several 
different working fluids in the heat pipes.  The data clearly show a significant change in 
temperatures at the evaporator and the condenser upon start-up.  Figure 5 and Figure 6 
show the start-up thermal test setup and temperature plots of the heat pipes over time. 
5  
 
 
Figure 5. Heat pipe test setup [2]. 
 
Figure 6. Heat pipe start-up characteristics [2]. 
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There is a noticeable decrease in temperature at the evaporator, 𝑇1, and increase in 
temperature at the condenser, 𝑇5 and 𝑇6.  Temperatures were taken with thermocouples 
instrumented onto the body of the heat pipe, and heat was applied at the evaporator with a 
DC film heater while heat was extracted with supplied water at the condenser in this 
study.   
In another study carried out by Mameli, Catarsi, Mangini, Pietrasanta, Miche, 
Marengo, Marco, Filippeschi [3], the start-up characteristics of a loop thermosyphon 
were analyzed in 2019.  The study was conducted in the presence of microgravity during 
parabolic flights.  The test data show a significant temperature decrease at the evaporator, 
and a noticeable temperature increase at the condenser upon start-up at 1070 seconds.  
Figure 7 and Figure 8 show test data plots over time and the test setup. 
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Figure 7. Loop thermosyphon start-up data [3]. 
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Figure 8. Micro gravity loop thermosyphon setup [3]. 
1.2 Objectives 
The minimum start-up heat input requirements will be analyzed on the “S shaped” 
thermosyphon axial grooved heat pipe from tilt angles of 0-90° in increments of 10° at 
initial saturation temperatures of 20-60°C in 10°C increments.  Start-up characteristics of 
the heat pipe will be evaluated to determine the amount of heat required to initiate the 
thermosyphon process inside the heat pipe. 
2.0 Methodology 
To provide tilt angle, heat supply, heat extraction, and temperature acquisitions to 
analyze the start-up characteristics of the S shaped axial grooved heat pipe, a heat pipe 
testing apparatus was designed and constructed from 2011 to 2012 at San Jose State 
University with financial support from Space System Loral.  The testing apparatus was 
designed to accept and provide heat supply, heat extraction, tilt angle, and temperature 
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acquisitions for “S shaped” heat pipes.  The testing apparatus consists of an enclosure 
made of aluminum extrusion fitted with linear bearings.  It provides tilt angles to the heat 
pipe assemblies.  Electric resistance heaters provide heat to the evaporator while a water 
chiller provides chilled water to extract heat from the condenser.  Figure 9 shows a 
picture of the heat pipe testing apparatus with the insulated heat pipe installed at a tilt 
angle. 
 
Figure 9. Heat pipe testing apparatus. 
The heat pipe was tested with a series of tilt angles and saturation temperatures to 
analyze the effect of tilt angle and saturation temperatures on minimum start-up power.  
A series of tests with tilt angles of 0-90° in increments of 10° at initial starting 
temperatures of 20-60°C were conducted.  The entire heat pipe assembly was maintained 
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at a constant temperature by supplying temperature-controlled chilled water to the 
condenser before each test.  The heat pipe assembly had to reach thermal equilibrium 
before each test.  Boiling and condensation are not expected to happen inside the heat 
pipe before heat was being input at the evaporator.  A constant heat load was supplied to 
the evaporator while temperature measurements were taken throughout the body of the 
heat pipe to monitor the start-up characteristics of the heat pipe. Figure 10 shows the 
experimental setup.  Heat was supplied to the evaporator with electrical heating elements 
and a copper block was utilized as a heat spreader to minimize temperature differences 
across the evaporator.  Heat was extracted at the condenser, which is attached to a cold 
plate heat exchanger supplied with running chilled water. 
 
Figure 10. Experiment setup. 
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2.1 Analytical Work 
2.1.1 Saturated Liquid vs. Vapor Ratio 
The amount of saturated fluid collected at the evaporator has direct impacts on the 
minimum start-up heat input requirement of the heat pipe.  Since heat pipes are closed, 
fixed volume, two-phase heat transfer devices, the ratio of saturated liquid to vapor is 
directly related to the internal fluid saturated temperature, which is the initial storage 
temperature of the heat pipe.  The intended design of axial grooved thermosyphon heat 
pipes is to allow saturated working fluid to occupy between the axial grooves along with 
saturated vapor occupying the vapor core during normal operation with in microgravity in 
outer space.  Orientation of the heat pipe does not affect the boiling performance of the 
working fluid in outer space without the presence of gravity; the boiling surfaces in 
between the grooves at the evaporator section would ideally always be wetted with 
saturated working fluid, ready to be boiled and transformed into vapor state in outer 
space.  Figure 11 illustrates the location of the saturated fluid without the presence of 
gravity, shown in blue. 
 
Figure 11. Saturated liquid filled axial grooves. 
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The working fluid behaves differently on ground level with the presence of gravity.  
This axial grooved thermosyphon heat pipe requires the evaporator be oriented lower 
than the condenser for the saturated liquid to drain properly from the condenser back to 
the evaporator with the presence of gravity.  The saturated liquid floods the entire 
evaporator section of the heat pipe including the vapor core due to the density difference 
between the vapor and liquid state of the working fluid.  The boiling surface at the 
evaporator is affected depending on the total mass of the working fluid, the saturation 
temperature of the working fluid, and the tilt angle between the evaporator and 
condenser.  If the evaporator is oriented higher than the condenser, the saturated liquid 
will not be able to return from condenser to evaporator properly due to gravity.  It will 
have to rely on the combination of capillary action and axial groove geometry to travel 
against gravity.  Figure 12 shows the fluid level of the cross-sectioned section of the heat 
pipe highlighted in green at 20°C with 39.4 grams of working fluid charge. 
 
Figure 12. Cross-sectioned view of heat pipe. 
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The saturation pressure of the working fluid is directly proportional to the operating 
temperature of the heat pipe.  Since the heat pipe is a closed system two-phase 
thermodynamic heat transfer device, the internal fluid pressure is equal to the saturation 
pressure of the working fluid.  Ammonia has a maximum critical pressure at 11280 kPa at 
132.4°C.  Besides the high working pressure near the critical temperature, the enthalpy of 
vaporization of a working fluid becomes smaller as it approaches its critical temperature; 
therefore, ammonia heat pipes should not operate close to this temperature range.  Figure 
13 shows the saturation pressure and temperature relationship over ammonia’s operating 
temperature range. 
 
Figure 13. Ammonia NH3 saturation pressure vs. temperature chart [8]. 
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Liquid and vapor volume fraction of the heat pipe’s working fluid was analyzed to 
understand how the internal boiling surface area of the heat pipe evaporator can be 
affected by the saturation temperature of the working fluid and tilt angle of the heat pipe.  
For a working fluid contained in a fixed volume container, its fluids properties are 
dependent on temperature and pressure.  The saturated vapor and liquid volumetric ratios 
can be calculated with a known volume, temperature, and mass of the working fluid. 
Equation 1 to Equation 6 analyze the quality, x, of the saturated working fluid contained 
in a fixed volume by utilizing the specific volumes of the saturated liquid and vapor. 
𝑣𝑎𝑣𝑔 =
𝑉𝑜𝑙𝑢𝑚𝑒ℎ𝑒𝑎𝑡 𝑝𝑖𝑝𝑒
𝑀𝑎𝑠𝑠𝐴𝑚𝑚𝑜𝑛𝑖𝑎 𝐶ℎ𝑎𝑟𝑔𝑒
 
 (1) 
𝑥 =
𝑣𝑎𝑣𝑔 − 𝑣𝑙𝑖𝑞𝑢𝑖𝑑
𝑣𝑣𝑎𝑝𝑜𝑟 − 𝑣𝑙𝑖𝑞𝑢𝑖𝑑
 
(2) 
𝑉𝑜𝑙𝑢𝑚𝑒𝑙𝑖𝑞𝑢𝑖𝑑 = [1 − 𝑥](𝑀𝑎𝑠𝑠𝐴𝑚𝑚𝑜𝑛𝑖𝑎 𝐶ℎ𝑎𝑟𝑔𝑒)(𝑣𝑙𝑖𝑞𝑢𝑖𝑑) 
(3) 
𝑉𝑜𝑙𝑢𝑚𝑒𝑣𝑎𝑝𝑜𝑟 = [𝑥](𝑀𝑎𝑠𝑠𝐴𝑚𝑚𝑜𝑛𝑖𝑎 𝐶ℎ𝑎𝑟𝑔𝑒)(𝑣𝑣𝑎𝑝𝑜𝑟) 
(4) 
𝐿𝑖𝑞𝑢𝑖𝑑 𝑉𝑜𝑙𝑢𝑚𝑒 𝐹𝑟𝑎𝑐𝑡𝑖𝑜𝑛 =
𝑉𝑜𝑙𝑢𝑚𝑒𝑙𝑖𝑞𝑢𝑖𝑑
𝑉𝑜𝑙𝑢𝑚𝑒ℎ𝑒𝑎𝑡 𝑝𝑖𝑝𝑒
 
(5) 
𝑉𝑎𝑝𝑜𝑟  𝑉𝑜𝑙𝑢𝑚𝑒 𝐹𝑟𝑎𝑐𝑡𝑖𝑜𝑛 =
𝑉𝑜𝑙𝑢𝑚𝑒𝑣𝑎𝑝𝑜𝑟
𝑉𝑜𝑙𝑢𝑚𝑒ℎ𝑒𝑎𝑡 𝑝𝑖𝑝𝑒
 
(6) 
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The fluid properties used to determine the quality of the saturated fluid vary over the 
operating temperature range of the working fluid.  The quality, x, defined in Equation 2 
increases as temperature increases.  As a result, the ratio of saturated vapor inside the 
heat pipe increases along with temperature.  However, the specific volume of the 
saturated vapor decreases as temperature rises while the specific volume of the saturated 
liquid increases along with temperature.  Therefore, the saturated liquid occupies a larger 
volume inside the heat pipe as temperature increases. Table 1 compares the vapor volume 
and liquid volume over a wide range of operating temperatures.  Figure 14 and Figure 15 
show how the vapor volume and liquid volume of the working fluid inside the heat pipe 
change over a wide range of operating temperatures. 
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Table 1. Vapor and Liquid Volume Ratio vs. Temperature Chart 
Temperature 
[°C] 
 Vapor Volume 
[%] 
Liquid Volume 
[%] 
-70 71.7% 28.3% 
-60 71.3% 28.7% 
-50 70.9% 29.1% 
-40 70.4% 29.6% 
-30 69.9% 30.1% 
-20 69.4% 30.6% 
-10 68.8% 31.2% 
0 68.3% 31.7% 
10 67.7% 32.3% 
20 67.2% 32.8% 
30 66.6% 33.4% 
40 66.0% 34.0% 
50 65.4% 34.6% 
60 64.9% 35.1% 
70 64.3% 35.7% 
80 63.7% 36.3% 
90 63.2% 36.8% 
100 62.8% 37.2% 
110 62.7% 37.3% 
120 63.3% 36.7% 
130 69.0% 31.0% 
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Figure 14. Saturated vapor volume ratio vs. temperature plot. 
 
Figure 15. Saturated liquid volume ratio vs. temperature plot. 
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The wetted internal boiling surface area decreases as the saturated liquid volume 
decreases when the saturated temperature is lowered.  The evaporator internal boiling 
surface area might not be fully flooded with saturated liquid at a low saturated 
temperature.  Figure 16 shows how a partially flooded evaporator would look at low 
saturation temperatures and a fully flooded evaporator at a high saturation temperature.   
 
 
Figure 16. Partially flooded evaporator cutaway sections. 
Figure 17 depicts the saturated liquid level inside the evaporator over a wide range of 
saturation temperatures.  The volume of saturated liquid inside the heat pipe was 
calculated using Equation 2 and Equation 3.  The evaporator becomes less flooded as 
temperature decreases.  The wetted boiling surface area decreases as the evaporator 
becomes less flooded.  The highlighted yellow and green overlays represent saturated 
liquid contained inside the evaporator at a vertical 90° tilt angle orientation.  
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Figure 17. Saturation temperature effect on flooded evaporator section. 
The saturated liquid and vapor ratios are also a function of the working fluid mass.  
At a constant pressure, the saturated liquid level inside the heat pipe varies depending on 
the total mass of the working fluid contained in the fixed volume which will affect how 
well the evaporator’s boiling surface area is flooded.   
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Table 2 shows the relationship of saturated liquid and vapor’s volumetric ratio with 
the total mass of the working fluid contained in a fixed volume at 20⁰C.  Figure 18 shows 
how the saturated liquid’s volumetric ratio increases proportionally with the mass of 
working fluid.   
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Table 2. Fluid Volume Ratio vs. Ammonia Mass Chart 
Mass [kg] V % Vapor V % Liquid 
0.005 96.8% 3.2% 
0.010 92.5% 7.5% 
0.015 88.2% 11.8% 
0.020 83.9% 16.1% 
0.025 79.6% 20.4% 
0.030 75.3% 24.7% 
0.035 70.9% 29.1% 
0.040 66.6% 33.4% 
0.045 62.3% 37.7% 
0.050 58.0% 42.0% 
0.055 53.7% 46.3% 
0.060 49.4% 50.6% 
0.065 45.1% 54.9% 
0.070 40.8% 59.2% 
0.075 36.5% 63.5% 
0.080 32.2% 67.8% 
0.085 27.9% 72.1% 
0.090 23.5% 76.5% 
0.095 19.2% 80.8% 
0.100 14.9% 85.1% 
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Figure 18. Liquid volume ratio vs. ammonia mass plot, 192cc, 20°C. 
2.1.2 Flooded Evaporator Section vs. Tilt Angle 
Tilt angle also affects how well the evaporator is flooded.  As tilt angle decreases 
from the vertical 90° orientation, the working fluid inside the evaporator conforms with 
the contour of the internal axial grooves and begins to occupy the adiabatic section of the 
heat pipe.  The evaporator becomes less flooded, and the saturated liquid spills out into 
the condenser section and occupies both evaporator and condenser section of the heat 
pipe as the tilt angle decreases to 0° horizontal orientation.  Figure 19 depicts the tilt 
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angles’ effect on the working fluid inside the heat pipe.  The highlighted yellow and 
green sections represent saturated liquid. 
 
Figure 19. Tilt angle effect on flooded evaporator section. 
2.2 Heat Pipe Thermal Conductivity Calculation 
Thermal conductivity of the heat pipe is determined from the temperature difference, 
conduction distance, heat transfer surface area, and the rate of heat transfer between the 
evaporator and condenser.  Equation 7 explains the relationship between the variables. 
?̇?𝑖𝑛𝑝𝑢𝑡
𝐴𝑓𝑙𝑎𝑛𝑔𝑒
= −𝑘 [
𝑇𝑒𝑣𝑎𝑝𝑜𝑟𝑎𝑡𝑜𝑟 − 𝑇𝑐𝑜𝑛𝑑𝑒𝑛𝑠𝑒𝑟
𝐿ℎ𝑒𝑎𝑡 𝑝𝑖𝑝𝑒
] 
(7) 
The amount of heat loss to the ambient environment between the evaporator and 
condenser needs to be subtracted from the overall rate of heat transfer for the thermal 
conductivity calculation to be accurate.  Heat loss analysis of the heat pipe assembly will 
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be further discussed in Section 2.3 and Section 2.4.  The conduction distance and heat 
transfer surface area used for thermal conductivity calculation is shown in Figure 20. 
 
Figure 20. Length of heat pipe an flange area. 
2.3 Heat Loss Calculation 
Heat loss modeling is a critical part for an accurate thermal conductivity measurement 
of the heat pipe.  Convection of heat from the heat pipe body and heat source is caused by 
temperature difference between heat pipe surface and room air.  Calculation of the total 
amount of heat loss is required for an accurate heat pipe thermal conductivity 
determination.  Insulation is applied to insulate over the surface of the heat pipe, chiller 
block, and heater block to minimize heat loss from convection.  Air flows constantly 
inside the heat pipe enclosure box as a safety feature.  The variation from the heat loss 
range is caused by the wide operating temperature range of the heat pipe from 20 °C to 
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60 °C while the ambient room temperature remains at 20°C.  Heat loss calculation and 
measurements results are found in Sections 2.3.2 and 2.4. 
2.3.1 Insulation 
Insulation material needs to provide enough thermal resistance for proper insulation.  
Extruded polystyrene foam insulation sheets with a thermal conductivity value of 
0.036W/mK was selected for constructing the insulation system.  Figure 21 shows a sheet 
of extruded polystyrene foam. 
 
Figure 21. Extruded polystyrene foam sheet. 
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An insulation system was designed with extrude polystyrene foam to insulate the entire 
heat pipe assembly.  Multiple layers of insulation sheets were cut to size as shown in 
Figure 22.   
 
Figure 22. Evaporator insulation L1 layer. 
Multiple layers of insulation foam sheets were joined together with adhesive to form the 
insulation systems for the evaporator section, condenser section, and the adiabatic 
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section.  Figure 23 and Figure 24 show the exploded view and a fully assembled 
configuration of the insulation system assembly. 
 
 
Figure 23. Insulation system exploded view. 
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Figure 24. Insulated heat pipe assembly. 
2.3.2 CFD Heat Loss Analysis 
A CFD heat loss model was constructed in Comsol Multiphysics to understand the 
amount of heat loss present in the experiment.  A range of constant temperature from -10 
°C to 60 °C was applied to the internal walls of the evaporator and adiabatic section of 
the insulation system in the CFD model.  Heat loss from the chiller block section of the 
heat pipe assembly was not needed to be accounted for as it is located downstream of the 
condenser flange on the conduction path as shown in the resistance network in Figure 25.  
No boundary condition settings were applied on the internal walls of the condenser 
section.  Volumetric flow rate of 40 CFM was applied to the inlet of the controlled 
volume with air at 20°C.  Volumetric flow rate setting of 40 CFM represents the inline 
fan operating without any back pressure.  The inline fan operates at a lower volumetric 
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flow rate with the actual internal airflow impedance of the sheet metal enclosure which 
may lead to a slight overestimation of heat loss.   
 
Figure 25. Thermal resistance network. 
 
Figure 26 shows the internal surfaces where the temperature boundary condition is 
applied.  Figure 27 shows the mesh element distribution used for the analysis.  Figure 28 
and Figure 29 show the temperature and air velocity pattern of the results. 
 
Figure 26. Temperature boundary condition surfaces. 
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Figure 27. Mesh element distribution. 
 
 
Figure 28. Temperature plot in kelvin. 
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Figure 29. Air velocity plot in m/s. 
The total amount of heat loss increases as temperature of the heat pipe elevates from 
room temperature.  CFD results show the maximum amount of heat loss of 10W at 60⁰C 
and no heat loss at 20⁰C, about 3% of total heat input of 300W at 60⁰C.    
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Table 3 and Figure 30 show the CFD heat loss analysis results.  Equation 8 explains how 
a simplified thermal resistance, 𝑅𝑙𝑜𝑠𝑠, is calculated by using evaporator temperature, 
adiabatic section temperature, ambient temperature, and the sum of heat loss from the 
evaporator and adiabatic section of the heat pipe, assuming the temperature difference 
between evaporator and adiabatic section is small.    
𝑅𝑙𝑜𝑠𝑠 =
𝑇𝑒𝑣𝑎𝑝𝑜𝑟𝑎𝑡𝑜𝑟 + 𝑇𝑎𝑑𝑖𝑎𝑏𝑎𝑡𝑖𝑐
2 − 𝑇𝑎𝑚𝑏𝑖𝑒𝑛𝑡
?̇? 𝑙𝑜𝑠𝑠
𝑒𝑣𝑎𝑝𝑜𝑟𝑎𝑡𝑜𝑟
+ ?̇? 𝑙𝑜𝑠𝑠
𝑎𝑑𝑖𝑎𝑏𝑎𝑡𝑖𝑐
 
(8) 
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Table 3. CFD Heat Loss Analysis Results  
Temperature [°C] Heat Loss [W] 𝑅𝑙𝑜𝑠𝑠 [°C/W] 
60 10.2 3.92 
50 7.7 3.90 
40 5.1 3.92 
30 2.6 3.85 
20 0 N/A 
10 -2.6 3.85 
0 -5.2 3.85 
-10 -7.7 3.90 
 
 
Figure 30. CFD heat loss vs. temperature analysis results. 
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The total power delivered from evaporator to condenser can be defined by subtracting heat 
loss from power input as described in Equation 9 and Equation 10. 
 
?̇?𝑖𝑛𝑝𝑢𝑡 = 𝑃𝑖𝑛𝑝𝑢𝑡 − ?̇? 𝑙𝑜𝑠𝑠
𝑒𝑣𝑎𝑝𝑜𝑟𝑎𝑡𝑜𝑟
− ?̇? 𝑙𝑜𝑠𝑠
𝑎𝑑𝑖𝑎𝑏𝑎𝑡𝑖𝑐
 
(9) 
 
?̇?𝑖𝑛𝑝𝑢𝑡 = 𝑃𝑖𝑛𝑝𝑢𝑡 − 𝑅𝑙𝑜𝑠𝑠 [
𝑇𝑒𝑣𝑎𝑝𝑜𝑟𝑎𝑡𝑜𝑟 + 𝑇𝑎𝑑𝑖𝑏𝑎𝑡𝑖𝑐
2
− 𝑇𝑎𝑚𝑏𝑖𝑒𝑛𝑡] 
(10) 
2.4 Physical Heat Loss Measurement 
Physical heat loss measurements were conducted by elevating the evaporator and 
adiabatic section of the heat pipe assembly to match the temperature of the condenser to 
reach thermal equilibrium.  The electrical power required for the heat pipe assembly to 
reach thermal equilibrium represents the total heat loss at the evaporator and adiabatic 
section. It is important to increase the electrical input power slowly over time to avoid 
any initiation of the boiling process inside the evaporator while elevating the temperature 
of the overall heat pipe assembly.  A noticeable sudden temperature drop on the 
evaporator can be observed once the saturated liquid inside the evaporator begins to boil 
which is an indication of more than enough power is being applied to the heater block.  
Physical heat loss measurements were conducted from 30⁰C to 60⁰C in increments of 
10⁰C.  Table 4 summarizes the amount of heat loss measured physically while Figure 31 
compares the CFD heat loss results with the actual measurements.  The results from 
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physical heat loss measurements align with the CFD heat loss analysis conducted in 
section 2.3. 
 
Table 4. Physical Heat Loss Measurements 
Heat Pipe 
Temperature 
[°C] 
Ambient 
Temperature 
[°C] 
ΔT 
[°C] 
Heat 
Loss 
[W] 
𝑅𝑙𝑜𝑠𝑠 
[°C/W] 
59.9 17.2 42.7 11.5 3.71 
50.1 18.4 31.7 9.0 3.52 
40.3 17.7 22.6 5.5 4.11 
30.4 18.0 12.3 3.0 4.13 
 
 
Figure 31. Physical vs. CFD heat loss comparison. 
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2.5 Nucleate Boiling Analysis 
In order to initiate boiling of working fluid inside the evaporator, the internal heated 
surface temperature must be elevated above the saturation temperature of the working 
fluid.   The rate of heat transfer of nucleate boiling is described in Equation 11 and the 
components used in the equation is explained in Table 5. 
 
?̇?𝑛𝑢𝑐𝑙𝑒𝑎𝑡𝑒 = 𝜇𝑙ℎ𝑓𝑔 [
𝑔(𝜌𝑙 − 𝜌𝑣)
𝜎
]
0.5
[
𝐶𝑝𝑙(𝑇𝑠 − 𝑇𝑠𝑎𝑡)
𝐶𝑠𝑓ℎ𝑓𝑔𝑃𝑟𝑙
𝑛 ]
3
 
(11) 
 
Table 5. Nucleate Boiling Equation Components 
Terms Description Units 
 ?̇?𝑛𝑢𝑐𝑙𝑒𝑎𝑡𝑒 Nucleate Boiling Heat Flux W/m² 
 𝜇𝑙 Viscosity of the Liquid kg/m·s 
 ℎ𝑓𝑔 Enthalpy of Vaporization J/kg 
 𝑔 Gravitational Acceleration m/s² 
 𝜌𝑙 Density of the Liquid kg/m³ 
 𝜌𝑣 Density of the Vapor kg/m³ 
 𝜎 
Surface Tension of Liquid-Vapor 
Interface N/m 
 𝐶𝑝𝑙 Specific Heat of the Liquid J/kg·°C 
 𝑇𝑒𝑥𝑐𝑒𝑠𝑠 Excess Temperature,  𝑇𝑠 −  𝑇𝑠𝑎𝑡 °C 
 𝑇𝑠 Temperature of the Heated Surface °C 
 𝑇𝑠𝑎𝑡 Saturation Temperature of the Fluid °C 
 𝐶𝑠𝑓 Experimental Surface-Fluid Constant   
 𝑃𝑟𝑙 Prandtl Number of the Liquid   
 𝑛 Experimental Fluid Constant   
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Fluid properties used in Equation 11 are functions of temperature and pressure.  
Temperature of the heated surface is a component of interest that was closely examined 
along with the start-up power requirement.  Viscosity and surface tension of the working 
fluid are two major components which affects the heated surface excess temperature, 
𝑇𝑠 − 𝑇𝑠𝑎𝑡.  They both decrease as the saturation temperature increases.  Figure 32 and 
Figure 33 show the relationship between liquid viscosity and surface tension of the 
working fluid over its operating temperature. 
 
Figure 32. Ammonia NH3 liquid viscosity vs. saturation temperature [8]. 
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Figure 33. Ammonia NH3 surface tension vs. saturation temperature [8]. 
The heated surface excess temperature increases marginally to offset for the difference 
caused by decrease in viscosity and surface tension to maintain a constant nucleate boiling 
heat flux in Equation 9 when the saturation temperature of the fluid increases.  The heated 
surface temperature for a range of saturation temperatures from 20°C to 60°C in increments 
of 10°C were calculated by setting the nucleate boiling heat flux to a constant.  Figure 34 
shows the correlation of heated surface temperatures vs. fluid saturation temperatures. 
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Figure 34. Heated surface excess temperature vs. saturation temperature. 
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3.0 Experimental Work 
3.1 Heater Block Assembly 
The heater block provides and spreads the heating load applied to the heat pipe 
evaporator.  It acts as a thermal mass to dampen any sudden changes in heat transfer rate 
to maintain an isothermal heat transfer surface for the heat pipe evaporator. The heater 
block is placed between the evaporator flange and the heating element.  An array of 
resistance heating elements was selected to be able to provide 300W of heating load for 
the heater block.  Figure 35 shows a single resistance heating element. 
 
Figure 35. Resistance heating element 40mm x 40mm x 2mm . 
The heater block consisted of a fiberglass backing plate, a 0.75” thick copper plate, 
resistance heating elements, thermal interface material, and mechanical fasteners to 
assemble the heater block together.  Figure 36 shows the exploded view of the overall 
heater block design. 
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Figure 36. Heater block exploded view. 
 
Silicone thermal interface material was used to conduct heat from the resistance heating 
elements to the copper plate.  Thermocouples were installed between the thermal 
interface material and copper plate.  Mechanical features were designed into the 
fiberglass backing plate to precisely control the positions of resistance heating elements 
and thermal interface material compression. Figure 37 and Figure 38 show the resistance 
heating element placement with thermocouple and thermal interface material installed on 
the fiberglass backing plate. 
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Figure 37. Resistance heater and TIM configuration. 
 
 
Figure 38. Resistance heater array installed on backing plate. 
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Stainless steel fasteners were used to evenly compress the thermal interface material 
across all the resistance heating elements.  Figure 39 to Figure 41 show the assembled 
heater block, heater block assembled onto the evaporator assembly, and cross-sectional 
view of the evaporator assembly. 
  
Figure 39. Assembled heater block. 
 
 
Figure 40. Heat pipe evaporator assembly. 
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Figure 41. Evaporator assembly cross-sectional view. 
3.2 Chiller Block  
A chilled water cold plate was used to extract heat from the condenser. The cold plate 
was constructed entirely from T6-6061 aluminum. Temperature-controlled coolant was 
supplied to the cold plate at a volumetric flowrate of 5 GPM to provide an isothermal heat 
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transfer surface for the condenser flange.  Figure 42 shows the cold plate assembly and 
Figure 43 shows the cross-sectional view of the cold plate assembly. 
 
 
Figure 42. Chiller block assembly. 
 
Figure 43. Chiller block cross-sectional view. 
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3.3 Mechanical Retention System  
A mechanical retention system was designed to provide adequate compression force 
across the thermal interface material between the evaporator and condenser.  The 
mechanical retention system consisted of aluminum plates, fiberglass plates, and 
mechanical fasteners.  The aluminum plates provided mechanical structure to provide 
compression force.  The fiberglass plates provided thermal insulation against the 
evaporator and condenser surfaces.  Stainless steel mechanical hardware provided 
compression force against thermal interface material upon tightening. The identical 
mechanical retention system was used on the evaporator and condenser assembly of the 
thermosyphon. Figure 44 shows the exploded view of the mechanical retention system.  
Figure 45 shows the mechanical retention system installed onto the condenser of the heat 
pipe assembly. 
 
Figure 44. Evaporator and condenser mechanical retention system.  
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Figure 45. Mechanical retention system installed on condenser. 
 
3.4 Thermal Interface Material  
A silicone compound gap filler type thermal interface material was selected for its 
compressibility and thermal conductivity.  It is important for thermal interface material to 
fill the gap between the heat pipe flanges, heater, and chiller blocks over a large surface 
area.  The thermal interface material has a silicone compound composition with a thermal 
conductivity of 6 W/mk and an initial thickness of 1 mm.  It was expected to achieve 
50% compression to reach a final thickness of 0.5 mm upon mechanical compression.  A 
physical compressions test showed that the selected thermal interface material was able to 
evenly fill up the gap between the evaporator flanges and the heater and chiller blocks.  
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Figure 46 and Figure 47 show that the thermal interface material was evenly compressed 
by the mechanical retention system over the large heat transfer surface area. 
 
Figure 46. Thermal interface material before compression. 
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Figure 47. Evenly compressed thermal interface material. 
3.5 DC Power Supply 
The electrical power consumption of the electrical resistance heating element was 
measured for heat input calculation.  Electrical energy is transformed into thermal energy 
at the resistive coils inside the resistance heating elements.  Each individual heating 
resistance element has an electrical impedance of 6Ω at 20°C, and they were configured 
in parallel.  Figure 48 shows the electrical configuration of the resistance heating 
elements.  
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Figure 48. Heater block electrical impedance diagram. 
DC power was selected to power the resistance heating elements.  The DC power 
supply needed to deliver 20VDC of voltage and 14A of current to provide 300W of heat 
to the evaporator.  A Chroma 62024P-80-60 DC programmable power supply was 
selected for its ability to deliver the required voltage and current.  The selected power 
supply is also programmable.  A series of power output can be preprogrammed into the 
power supply for test automation capabilities.  Figure 49 and Figure 50 show the 
programmable DC power supply and the Chroma software interface. 
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Figure 49. Programmable DC power supply. 
 
Figure 50. Chroma soft panel interface. 
The DC voltage and current were distributed across each individual resistance heating 
element using din rail terminal blocks. Electrical current supplied to the resistance 
heating elements was measured with a shunt resistor wired in series with the DC power 
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supply.  Voltage was measured at the din rail terminal blocks.  Figure 51 shows the DIN 
rail electrical distribution unit. 
 
Figure 51. DC electrical distribution terminal blocks. 
3.6 Water Chiller 
The water chiller malfunctioned and failed to maintain a constant chilled water bath 
temperature due to electronic component failures in the control circuit.  The original 
control circuit was not able to maintain the chilled water bath temperature at set point.  It 
caused the chilled water supply temperature to fluctuate beyond acceptable range for the 
heat pipe testing processes to reach steady state.  The water chiller’s temperature stability 
was restored by replacing the control circuit and some corresponding electromechanical 
components.  Installing a new temperature controller was considered instead of repairing 
the original control circuit.  The new temperature controller improved the water chiller’s 
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capabilities by adding remote controlled capabilities onto the water chiller.  Figure 52 
shows the malfunctioned control circuit. 
 
Figure 52. Malfunctioned control circuit. 
A temperature controller with serial communication feature was selected.   An Omega 
CNi32 series PID temperature controller was installed to control the chilled water 
temperature by throttling the refrigerant solenoids.  The controller has the capability to be 
programmed remotely with RS-232 or RS-485 communication protocols.  Figure 53 
shows the Omega CNi32 PID temperature controller. 
 
Figure 53. Omega CNi32 PID temperature controller. 
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All the original electronic components were removed from the water chiller before the 
redesigned control circuit and temperature controller were installed.  The redesigned 
control circuit consists of a 24VDC power supply, two DC solid state relays, an Atmel 
Atmega 328P microcontroller, a 24VDC to 5VDC DC-DC switching regulator, and two 
24VDC refrigerant solenoids.  The temperature controller has a DPST, double pole single 
throw relay which can be used to energize the two refrigerant solenoids.  Instead of 
energizing the refrigerant solenoids directly with the DPST relay on the temperature 
controller, two solid state relays and a programmed microcontroller are used to energize 
the refrigerant solenoids to reduce wear and tear on the temperature controller’s DPST 
relay.  The microcontroller senses high and low signals from the temperature controller 
and sends digital signals to the solid-state relays for refrigeration solenoids throttling.  
Figure 54 to Figure 56 show the new control circuit installed onto the water chiller. 
 
Figure 54. Water chiller control circuit components. 
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Figure 55. New water chiller control circuit. 
 
 
Figure 56. New water chiller circuit installed. 
 The temperature controller was programmed with a proportional gain value of 30, 
integral value of 0, derivative value of 0, and a cycle time of 3 seconds.  It is able to 
maintain the chilled water bath within +/- 0.1 °C.  Figure 57 shows the chilled water bath 
temperature response with a sudden drop of heat load from 275W to 50W over time.   
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Figure 57. Chilled water bath temperature response graph. 
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3.7 Thermocouple Locations 
Type T thermocouples were used in this experiment.  Thermocouples were 
instrumented throughout the body of the heat pipe.  A total of 12 thermocouples were 
used for acquiring temperature readings on the heat pipe body.  Heat loss is modeled with 
four thermocouples.  Figure 58 shows the actual positions of the thermocouples mounted 
on the heat pipe during testing. 
 
Figure 58. Locations of thermocoples on heat pipe assembly. 
 
Channels 1 to 4 were mounted on the evaporator body to acquire evaporator readings.  
Channels 9 to 12 were mounted on the condenser body to acquire condenser readings. 
Figure 59 and Figure 60 show the location of thermocouples 1-4 and 9-12 on the 
evaporator and condenser body. 
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Figure 59. Locations of thermocoples on evaporator body. 
 
Figure 60. Locations of thermocoples on condenser body. 
59  
 
3.8 Uncertainty Analysis 
The total temperature uncertainty on a single channel of thermocouple temperature 
measurement can be defined as described in Equation 12 and Equation 13. 
𝑈𝑡𝑜𝑡𝑎𝑙 = √𝑈𝑏𝑖𝑎𝑠
2 + 𝑈𝑟𝑎𝑛𝑑𝑜𝑚
2 
(12) 
𝑈𝑏𝑖𝑎𝑠 = √(𝑇𝑡ℎ𝑒𝑟𝑚𝑜𝑐𝑜𝑢𝑝𝑙𝑒 − 𝑇𝑡ℎ𝑒𝑟𝑚𝑜𝑚𝑒𝑡𝑒𝑟)2 
(13) 
 
A hot plate with a magnetic stirrer was used to provide a constant temperature bath for 
determining the bias uncertainty and random uncertainty of the thermocouples.  Random 
error of the new thermocouples was determined by taking 30 fast readings in an 
isothermal water bath.  The standard deviation of the 30 readings was used to determine 
the random error.  Figure 61 shows the temperature calibration setup.  
 
Figure 61. Thermocouple calibration setup. 
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The bias uncertainty was determined to be 0.31°C.  The random error was analyzed to be 
0.04°C.  The total temperature uncertainty was calculated to be 0.31°C. 
The Agilent data logger has a voltage measurement accuracy of 0.0026%.  The total 
power input, 𝑃𝑖𝑛𝑝𝑢𝑡 uncertainty was determined to be 0.0052 %.  Physical heat loss 
uncertainty was calculated to be 1.2 W. Thermal conductivity uncertainty was calculated 
to be 0.44%.  The total heat transfer from evaporator to condenser, ?̇?𝑖𝑛𝑝𝑢𝑡 uncertainty is 
1.2 W.  Table 6 summarizes the experimental uncertainty findings. 
Table 6. Experimental Uncertainty Table 
Measurement 
Experimental 
Uncertainty 
Temperature 0.31°C 
𝑃𝑖𝑛𝑝𝑢𝑡 0.01% 
?̇?𝑙𝑜𝑠𝑠 1.2W 
?̇?𝑖𝑛𝑝𝑢𝑡 1.2W 
𝑘 0.44% 
 
4.0 Results and Discussion 
Start-up tests were performed on the S shaped thermosyphon heat pipe.  The start-up 
tests were conducted from 20°C- 60°C in a 10°C initial starting temperature with tilt 
angles of 0-90° in increments of 10°.  Temperature-controlled coolant was initially 
supplied to the condenser.  Temperature readings of the heat pipe assembly were being 
constantly monitored during the test.  A constant heat load was supplied to the evaporator 
once the whole heat pipe assembly reached the initial start-up temperature. Start-up was 
determined from a noticeable temperature decrease at the evaporator body which 
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indicates the initiation of nucleate boiling inside the evaporator.  Figure 62 and Figure 63 
show examples of the start-up temperature plots for a 70° tilt angle at a 50°C starting 
temperature with 18W and 70W of heat input.  Figure 62 shows a temperature decrease 
of 0.35°C, just outside of the temperature uncertainty of 0.31°C. All excess temperature 
measured at start-up except for three data points were greater than the temperature 
uncertainty.  
 
Figure 62. 18W 50°C 70° tilt start-up. 
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Figure 63. 70W 50°C 70° tilt start-up. 
The start-up characteristics of the evaporator were captured in the start-up examples 
in Figure 62 and Figure 63.  Temperature of the evaporator began to elevate once 
electrical current was delivered to the resistance heating elements.  A sudden drop of the 
evaporator body temperature was recorded as the evaporator’s temperature was ramping 
up.  The temperature difference recorded on the evaporator is the excess temperature in 
Equation 11.  The excess temperature measured was different when compared between 
the 18W and 70W tests.  The excess temperature measured in the 70W start-up test was 
higher than the 14W test.  The excess temperature differences measured between the 
start-up examples conform to the definition of Equation 11.  The 70W test yielded a 
higher heat flux while the 14W test yielded a lower heat flux.  Using the same set of fluid 
properties, solving Equation 11 returned a higher excess temperature for 70W when 
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compared to 14W.  The remaining series of start-up tests were completed from 20°C- 
60°C in a 10°C initial starting temperature with tilt angles of 0-90° in increments of 10°.  
 As the tilt angle decreased beyond 60°, the evaporator started boiling immediately 
once the heating elements were powered on.  Start-up power no longer exists as the tilt 
angle decreased beyond 60°, which could be due to a partially flooded evaporator.  The 
evaporator boiling surface area decreases as the evaporator becomes partially flooded.  
The heat flux on the internal boiling surface area increased as the internal boiling surface 
area decreases.  This data trend indicates that the tilt angle slightly affects the excess 
temperature.  However, its effect is not as noticeable when compared to adjustments in 
saturation temperature.  The static pressure acting on the boiling surface area decreases as 
tilt angle decreases.  Figure 19 from Section 2.1 shows the amount of fluid column height 
difference between tilt angles.  Equation 11 suggests that the excess temperature slightly 
lowers as tilt angle decreases.  Figure 64 shows the minimum amount of power that was 
required to initiate boiling inside the evaporator.  Figure 65 shows the excess 
temperatures that were required to initiate boiling inside the evaporator. 
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Figure 64. Evaporator start-up power requirement vs. saturation temperature. 
 
 
Figure 65. Evaporator excess temperature vs. saturation temperature. 
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The evaporator excess temperatures found to be required to initiate start-up presented 
in Figure 65 aligned with the data from Figure 34 generated from Equation 11 using 
ammonia, the working fluid’s properties over the range of operating temperatures.  The 
majority of the variables in Equation 11 decreased as saturation temperature increases.  A 
higher excess temperature on the heated surface was required to maintain a constant heat 
input requirement presented in Figure 34 to initiate the start-up boiling process inside the 
evaporator as the saturation temperature increased.  Figure 66 shows the data presented in 
Figure 65 overlaying with the data from Figure 34. 
 
Figure 66. Evaporator excess temperature vs. saturation temperature. 
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which leads to a smaller boiling surface area.  As boiling surface area decreases, heat flux 
increases which results a higher excess temperature in Equation 11.  The evaporator 
temperature in Equation 7 is directly proportional to the excess temperature in Equation 
11.  As a result, thermal conductivity decreases as tilt angle decreases.  Figure 67 shows 
the relationship between thermal conductivity and tilt angle. 
 
Figure 67. Effective thermal conductivity vs. tilt angle. 
5.0 Conclusion and Future Work 
Minimum start-up power requirements were found for tilt angles of 90⁰, 80⁰, 70⁰, and 
60⁰ at 20⁰C, 30⁰C, 40⁰C, 50⁰C, and 60⁰C saturation temperatures.  Results show the 
minimum start-up power requirements at different tilt angles and saturation temperature 
were between 2W and 3.6W.  There might be a small correlation between the minimum 
start-up power and tilt angles and saturation temperatures, but the power difference might 
be too small for this experiment setup to capture.  The excess temperature required to 
0
1000
2000
3000
4000
5000
6000
7000
8000
9000
10000
0 10 20 30 40 50 60 70 80 90
Th
er
m
al
 C
o
n
d
u
ct
iv
it
y 
[W
/m
K
]
Tilt Angle [⁰]
67  
 
initiate the start-up boiling process in the evaporator was found to increase as the working 
fluid’s saturation temperature increased.  The relationship between the excess 
temperature and the working fluid’s saturation temperature aligns with the nucleate 
boiling equation.  The excess temperature of a heated surface increases as the surface 
tension of a working fluid decreases if the heat input is to remain constant.  The S shaped 
thermosyphon heat pipe was able to initiate start-up with a smaller excess temperature as 
the saturation temperature decreased.  When the tilt angle decreased to an angle where 
the evaporator is no longer flooded, no signs of start-up behavior were noticed.   
A better heat loss model could help to further improve the results of this experiment.  
This could better quantify the total amount of heat delivered from the evaporator to the 
condenser by better insulating the experiment and quantifying heat loss. 
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Appendices 
Appendix A – Ammonia PV Calculations 
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Appendix B – Nucleate Boiling Calculations 
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Appendix C – Power and Temperature Experiment Data 
 
 
  
T_sat 
[°C]
Tilt Angle
[°]
Ambient 
[°C]
Power 
Input 
[W]
Loss 
[W]
Start-up 
Power 
[W]
T_excess
[°C]
20 90 19.50 3.0 0.0 3.0 0.36
30 90 20.71 5.1 2.5 2.6 0.42
40 90 18.77 8.1 5.6 2.5 0.61
50 90 19.83 11.0 7.8 3.2 0.68
60 90 18.63 14.1 10.9 3.2 0.71
20 80 18.86 3.0 0.4 2.6 0.42
30 80 18.82 6.1 3.0 3.1 0.47
40 80 18.57 8.1 5.6 2.5 0.48
50 80 18.22 11.1 8.2 2.8 0.64
60 80 18.34 14.0 10.9 3.1 0.79
20 70 18.15 3.0 0.6 2.4 0.3
30 70 18.20 5.1 3.1 1.9 0.34
40 70 17.50 9.0 5.8 3.2 0.46
50 70 17.52 11.0 8.3 2.7 0.62
60 70 18.35 13.1 10.9 2.2 0.83
20 60 18.96 4.0 0.4 3.6 0.13
30 60 19.01 6.1 3.0 3.1 0.3
40 60 13.39 10.0 6.8 3.2 0.36
50 60 20.48 10.0 7.6 2.5 0.4
60 60 19.06 14.0 10.7 3.3 0.59
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Appendix D – Thermal Conductivity vs. Tilt Angle Data 
 
 
Tilt Angle 
[°]
T_evaporator 
[°C]
T_condenser 
[°C]
T_adiabatic 
[°C]
T_ambient 
[°C]
Heat 
Loss 
[W]
Q_in 
[W]
k 
[W/mK]
0 24.70 22.99 23.90 22.48 0.58 203 4942
10 24.45 22.81 23.38 22.54 0.50 203 5165
20 24.46 22.80 23.33 22.67 0.47 203 5119
30 24.40 22.80 23.31 22.61 0.47 203 5296
40 24.31 22.82 23.29 22.70 0.42 203 5653
50 24.21 22.81 23.23 22.65 0.41 203 6038
60 24.13 22.87 23.21 22.80 0.35 203 6729
70 24.10 22.94 23.19 23.10 0.26 203 7308
80 23.97 22.99 23.10 23.05 0.24 203 8622
90 24.00 23.06 23.25 22.96 0.27 203 8945
